Background-Off-pump coronary artery bypass grafting compared with coronary revascularization with cardiopulmonary bypass seems safe and results in about the same outcome in low-risk patients. Observational studies indicate that off-pump surgery may provide more benefit in high-risk patients. Our objective was to compare 30-day outcomes in high-risk patients randomized to coronary artery bypass grafting without or with cardiopulmonary bypass. Methods and Results-We randomly assigned 341 patients with a EuroSCORE Ն5 and 3-vessel coronary disease to undergo coronary artery bypass grafting without or with cardiopulmonary bypass. Patients were followed through the Danish National Patient Registry. The primary outcome was a composite of adverse cardiac and cerebrovascular events (ie, all-cause mortality, acute myocardial infarction, cardiac arrest with successful resuscitation, low cardiac output syndrome/cardiogenic shock, stroke, and coronary reintervention). An independent adjudication committee blinded to treatment allocation assessed the outcomes. Baseline characteristics were well balanced between groups. The mean number of grafts per patient did not differ significantly between groups (3.22 in off-pump group and 3.34 in on-pump group; Pϭ0.11). Fewer grafts were performed to the lateral part of the left ventricle territory during off-pump surgery (0.97 versus 1.14 after on-pump surgery; Pϭ0.01). No significant differences in the composite primary outcome (15% versus 17%; Pϭ0.48) or the individual components were found at 30-day follow-up.
P revious randomized trials comparing coronary artery bypass grafting (CABG) with (on-pump CABG) versus without cardiopulmonary bypass (off-pump CABG) have included mainly low-risk patients (ie, patients with lower age, preserved left ventricular function, and without systemic comorbidity). [1] [2] [3] [4] In these trials, off-pump CABG was shown to be a safe and effective procedure, but avoiding cardiopulmonary bypass and cardioplegic arrest did not result in a significant reduction in mortality, myocardial infarction, or stroke. 5 However, these hard clinical outcomes are infrequent in the investigated patient population, and to show a difference requires a large sample size. This has not been reached even in the latest meta-analysis of the topic including Ͼ5500 patients. 5 
Clinical Perspective on p 504
During the last decades, the preoperative risk profile of patients referred for CABG surgery has changed. 6 -9 Patients are now older, have more severe coronary disease, and have more comorbidity. These patients have a substantial risk of postoperative morbidity and mortality. 10, 11 Off-pump CABG in high-risk patients seems to reduce postoperative morbidity and mortality compared with on-pump CABG according to observational studies. 8, [12] [13] [14] To clarify the potential benefit of off-pump CABG in high-risk patients, we conducted a randomized trial comparing off-pump versus on-pump CABG in patients with 3-vessel coronary disease and a EuroSCORE Ն5. 15 The present article reports procedural results and the 30-day outcomes of the 2 treatment groups.
Methods

Trial Design
Details of the Best Bypass Surgery (BBS) trial have been reported elsewhere. 15 In brief, the trial was a single-center trial in which patients were randomly assigned to undergo off-pump or on-pump CABG. Central randomization was performed by a press-button voice-response telephone randomization service. Random assignment 1:1 was permuted in varying blocks (6 or 8) and stratified by sex, age (55 to 65 years, Ͼ65 years), diabetes mellitus, and EuroSCORE (5 to 7, 8 to 10, 11 to 13, 14 to 16). An independent adjudication committee blinded to treatment allocation assessed all of the potential outcomes.
Patients
Patients referred for first-time isolated CABG (ie, no valve surgery) were eligible if they were Ͼ54 years of age, had a EuroSCORE Ն5, had 3-vessel disease affecting a graftable marginal artery, were scheduled for elective or subacute operation, and provided written informed consent. Exclusion criteria were previous heart surgery, left ventricular ejection fraction Ͻ30%, lack of informed consent, and unstable preoperative condition (eg, patients receiving continuous infusion of inotropics on the day of surgery). The Danish Regional Committee on Biomedical Research Ethics and the Danish Data Protection Agency approved the BBS trial (www.clinicaltrials.gov/ ct2/show/NCT00120991), which was conducted in accordance with the International Conference on Harmonization on Good Clinical Practice Guidelines and the Declaration of Helsinki.
Surgical Technique
Surgical access to the heart was gained through a median sternotomy in all of the patients. Off-pump surgery was performed with the use of Octopus and Starfish heart stabilizers (Medtronic, Inc, Minneapolis, Minn). Patients were heparinized with 100 IU/kg intravenously to achieve activated clotting time Ͼ200 s. Normothermia was maintained with the use of a Bair Hugger system (Augustine Medical, Inc). A side-biting aorta clamp was usually used when proximal anastomoses were performed. Intracoronary shunts were not used routinely. On-pump surgery was performed in normothermia, with the use of aortic cross-clamping and cold cardioplegic arrest. Patients were heparinized with 300 IU/kg to achieve an activated clotting time Ͼ480 s. Heparin was neutralized with 1 mg protamine sulfate per 100 IU given. The quality of anastomoses was assessed at the end of operation with the use of a transit-time flow probe (MediStim A/S, Oslo, Norway). During the trial, there were no changes in the 2 surgical techniques. In our center, off-pump surgery had been performed routinely for Ͼ2 years before the launch of the trial, and each of the 3 participating surgeons performed at least 50% of their CABG procedures as off-pump procedures.
Follow-Up and Outcome Measures
Patients were followed up after discharge through the Danish National Patient Registry, which is a national database of all somatic hospital admissions in Denmark. Information about death came from the Danish Central Civil Register, which records the vital status of inhabitants. Registration in these registers is 100%. On the basis of the registers, we collected copies of hospital records and death certificates during the follow-up period. No follow-up visits were planned; however, patients were routinely seen by the referring cardiologist 1 month after the operation. Hospital records and death certificates were blinded for the allocated treatment and forwarded to 2 randomly selected members of the adjudication committee, who assessed whether each of the prespecified outcomes had occurred. In case of disagreement, the 2 assessments together with a copy of the record of the event were sent to a third member, who had to select the most likely assessment.
The primary outcome was a composite of adverse cardiac and cerebrovascular events (ie, all-cause mortality, acute myocardial infarction, cardiac arrest with successful resuscitation, low cardiac output syndrome/cardiogenic shock, stroke, and coronary reintervention). Secondary outcomes were hyperdynamic shock, new onset of atrial fibrillation, need for pacing Ͼ24 hours, renal complications, reoperation, respiratory insufficiency requiring intubation Ͼ24 hours, pneumonia, length of stay in intensive care unit and hospital, and other serious adverse event. Myocardial infarction was defined as creatine kinase-MB increase Ͼ80 g/L or troponin T Ͼ3.0 g/L the first 48 hours after surgery. Hereafter, the definition was enzymatic elevation of creatine kinase-MB Ͼ10 g/L or troponin T Ͼ0.1 g/L together with at least 1 of the following findings: classic angina symptoms, ECG signs of necrosis or ischemia, or coronary reintervention. Low cardiac outcome syndrome was defined as need of intra-aortic balloon pumping or infusion of norepinephrine, epinephrine, milrinone, or dobutamine after the first hour postoperatively to maintain systolic blood pressure Ն90 mm Hg. Definition of stroke was global or focal neurological deficits persisting Ͼ24 hours and verified by a neurologist or brain computed tomography scan. Renal complications were defined as need of acute hemodialysis, blood creatinine level Ն200 g/L, or blood creatinine 2 times the preoperative value.
Statistical Analysis
The sample size in the BBS trial was based on the ability to detect a 15% reduction in the primary outcome in the off-pump group compared with the on-pump group, assuming an event proportion after on-pump CABG of 40% and accepting a risk of type I and II errors of 5% and 20%, respectively. Consequently, at least 330 patients had to be included. 15 For the primary outcome as well as other outcomes analyzed in the present 30-day follow-up, the actual event proportions were lower than the estimated proportions used for the sample size calculation. The sample size calculation was based on 1-year event rates, and therefore both significant and insignificant P values for the 30-day results should be interpreted conservatively.
All of the data were analyzed according to intention-to-treat (ie, based on treatment allocation). Because of some crossover patients in both groups, we also report "treatment-received" analysis according to the intervention actually received. Dichotomous data are presented as numbers with percentages and were compared with the 2 statistic. Means are presented with 1 SD and compared with a 2-sample t test. Nonnormally distributed continuous variables are presented as medians with the interquartile range and compared with a Mann-Whitney test. The primary outcome measure and its individual components were analyzed with 2 statistic or Fisher exact test and expressed as relative risk with 95% confidence interval.
Results
Patient Characteristics and In-Hospital Outcomes
From April 2002 through March 2006, 2578 patients were referred for isolated CABG at Rigshospitalet. Of these, 341 patients were included in the trial. The reasons for exclusion are shown in the Figure. Two randomized patients never underwent CABG. One declined treatment and was discharged without coronary intervention. The other was diagnosed as having lung cancer on the day of randomization. Both patients were excluded in the data analysis without violating the intention-to-treat principle. 16 Preoperative characteristics were well balanced across the in both groups, and 80% in both groups had a score Ͼ5, indicating high risk. The predicted 30-day mortality according to the Society of Thoracic Surgeons risk score was 3.1% in the off-pump group and 3.0% in the on-pump group. Eight patients (4.5%) allocated to off-pump CABG crossed over to on-pump CABG. The reasons were as follows: unstable hemodynamic (nϭ3), intraoperative transesophageal echocardiography showing aortic valve disease requiring repair (nϭ1), intraoperative recognition of left ventricular aneurysm requiring surgical repair (nϭ1), not operated on by a trial surgeon because of logistics (nϭ2), and anesthesiologist unwilling to participate in off-pump surgery (nϭ1). In the on-pump group, 6 patients (3.7%) crossed over and were operated on with the use of the off-pump technique, and 1 patient was operated on with the on-pump technique but without aortic cross-clamping and cardioplegic arrest (onpump beating heart). In all 7 patients, the reason for conversion was intraoperative discovery of a too-heavy calcified ascending aorta, making it too hazardous to cross-clamp. Table 2 reveals that the mean number of grafts per patient was not significantly different between the 2 groups (3.22 versus 3.34; mean difference, Ϫ0.13; 95% confidence interval, Ϫ0.28 to 0.03); however, significantly fewer grafts were performed to the lateral territory of the left ventricle in the off-pump group compared with the on-pump group (mean difference, Ϫ0.16; 95% confidence interval, Ϫ0.29 to Ϫ0.04; Pϭ0.01). Completeness of revascularization did not differ significantly between the 2 intervention groups.
Thirty-day postoperative complications did not differ significantly between the 2 groups (Table 3) . New-onset atrial fibrillation occurred in nearly half of the patients in both groups. No significant differences in time to extubation, prolonged ventilation, or length of stay in the hospital were observed. Eleven percent in the off-pump group versus 15% in the on-pump group stayed Ͼ1 day in the intensive care unit. This difference was insignificant.
Primary Outcome
No significant difference was found in the composite primary outcome after 30 postoperative days (Table 4 ), nor were any of the individual components of the primary outcome significantly different. Treatment-received analysis did not change our results noticeably.
The number of patients with myocardial infarction was nearly doubled in the on-pump group (15 versus 9); however, only 6 patients in the on-pump group versus 5 patients in the off-pump group underwent postoperative coronary angiography because of increased cardiac enzymes. In both groups, 2 patients had graft occlusions.
We also analyzed exclusively patients with a EuroSCORE Ͼ5. This did not in any way change our results (online-only Data Supplement).
Discussion
In the BBS trial, patients with a EuroSCORE Ն5 and 3-vessel disease were randomly assigned to undergo off-pump versus on-pump CABG. The primary outcome at 30-day follow-up was not significantly influenced by the type of operation. In agreement with previous randomized trials of off-pump versus on-pump CABG in lower-risk patients, we found no significant difference in mortality, myocardial infarction, or stroke. 2, [17] [18] [19] A relatively high rate of postoperative complications occurred in our high-risk patients, but off-pump CABG did not result in a significant reduction in postoperative morbidity. The average number of grafts per patients was similar after off-pump and on-pump surgery (3.22 versus 3.34), but, in general, fewer grafts were performed to the lateral territory of the heart after off-pump surgery.
In several observational studies and registry data in which detailed statistical analyses were used, mortality and morbidity have been found to be significantly reduced after offpump CABG compared with on-pump CABG in high-risk patients (eg, patients with advanced age or cardiac and systemic comorbidity). 8, [12] [13] [14] 20 The results of our randomized trial are in contrast to these findings. Overall 30-day mortality in our trial was 4.4%, which was less than the predicted mortality rate of 7% according to the EuroSCORE but in agreement with the predicted 3.1% according to the Society of Thoracic Surgeons risk score. The operative mortality in the on-pump group in some observational studies was considerably higher than the 5.5% observed in our trial. Selection bias may be a potential reason for the difference between off-pump and on-pump surgery seen in the observational studies. Our findings underscore the potential dangers in using observational studies to try to determine the benefits of interventions.
Postoperative stroke is a serious complication after CABG. In both observational studies and a meta-analysis of randomized trials, off-pump surgery has been associated with a decrease in postoperative stroke. 5, 13, 20 The meta-analysis of randomized trials has included mainly patients with 1-and 2-vessel disease. Because all of the patients included in our trial had 3-vessel disease, manipulation of the heart and aorta may have been more extensive in the off-pump group. In addition, proximal anastomoses were usually performed with the use of the site-biting aorta clamp, which may explain the apparent absence of benefit after off-pump surgery. A subgroup of 120 patients underwent neurocognitive testing. 21 These results have been reported previously; however, after 3 months, no significant difference in cognitive dysfunction was observed in off-pump versus on-pump CABG patients. 21 The number of patients with postoperative myocardial infarction was higher than reported in observational studies of high-risk patients, which is probably explained by differences in definitions. 12, 20 In a propensity-matched study of 1020 high-risk patients (EuroSCORE Ն6), Calafiore et al 20 reported a 30-day event rate of myocardial infarction of 2% after off-pump and 2.5% after on-pump CABG. Myocardial infarction was defined as enzymatic elevation, ECG sign of necrosis, new akinetic segment(s) at echocardiogram, and non-K-related ventricular arrhythmias. Al-Ruzzeh et al 12 retrospectively studied 1398 high-risk patients (EuroSCORE Ն5) and found that 0.7% in the off-pump group compared with 3.4% in the on-pump group had myocardial infarction. Definition of myocardial infarction was new Q waves in ECG, creatine kinase-MB Ͼ50 g/L with ECG changes, or creatine kinase-MB Ͼ70 g/L without ECG changes. Compared with these studies, our definition of myocardial infarction seemed more sensitive, especially beyond the first 48 hours after the operation. In accordance with these studies as well as others, we observed a trend toward a reduction in myocardial infarction after off-pump surgery. 12, 13, 20 Avoidance of cardiopulmonary bypass and thereby nonpulsatile flow to the kidney did not result in a reduction in renal insufficiency or hemodialysis in the off-pump group. This may be due to the increased risk of hemodynamic instability during off-pump surgery seen in high-risk patients with 3-vessel disease, generalized vascular disease, and reduced left ventricular function.
In accordance with the results from randomized trials by van Dijk et al, 17 Al-Ruzzeh et al, 1 and Puskas et al, 19 the incidence of postoperative atrial fibrillation did not differ significantly between the 2 operation groups. In these trials, atrial fibrillation was experienced by 20% of the patients. In our trial, however, nearly half of the patients experienced an episode with postoperative atrial fibrillation. This difference may well be explained by the difference in patient population because a predictor of postoperative atrial fibrillation is advanced age. 22 In contrast, the most recent meta-analysis found that off-pump CABG significantly reduced postoperative atrial fibrillation. 5 We found that median hospital length of stay was 7 days in both intervention groups. In previous randomized trials, off-pump CABG reduced hospitalization by Ϸ1 day, but mean length of stay was different in all of the trials. 1, 17, 19 This indicates either difference in patient population or more likely that indications for discharge are subjective and driven by tradition. Five percent of the off-pump patients underwent reoperation for bleeding, which was double the rate of the on-pump patients. Heparin was not routinely reversed with protamine sulfate, which may explain the increase in reoperation for bleeding in the off-pump group.
Debate about whether off-pump CABG results in inadequate revascularization compared with on-pump CABG is ongoing. 23 The average number of grafts per patient has been shown in some randomized trials to be similar, 17, 19, 24 but a meta-analysis of all randomized trials found that off-pump CABG resulted in significantly fewer grafts. 5 It is troublesome to perform anastomosis to the lateral territory of the left ventricle during off-pump surgery; however, in most randomized trials, patients with the need for grafts to the marginal branches were excluded or underrepresented. We found that patients undergoing off-pump CABG had significantly fewer grafts performed to the lateral territory. Because all of the patients in the trial ought to have a graftable marginal branch as judged by the preoperative coronary angiography, the difference observed must relate to the operative procedure. Whether surgeons performing off-pump surgery in general have a tendency to assess a coronary artery unfeasible for grafting due to severe atherosclerosis or desist from grafting for technical reasons is unclear.
The BBS trial has several strengths. First, the background for conducting the trial was recently highlighted in a systematic review. 5 Second, the protocol has been described in detail in a design article. 15 Third, we used central and stratified randomization. Fourth, Ϸ85% of eligible patients were randomized and included in the trial. Fifth, outcomes were assessed by an independent adjudication committee blinded Values are numbers (percentages). RR indicates relative risk; CI, confidence interval. *All-cause mortality, acute myocardial infarction, cardiac arrest with successful resuscitation, low cardiac output syndrome/cardiogenic shock, stroke, and coronary reintervention. †Coronary artery bypass grafting or percutaneous coronary intervention.
to allocated treatment, and data analysis and conclusions were drawn before blinding was broken. 25 This reduces the risk of bias seen in trials with an open-label design. 26 Furthermore, no patients were lost to follow-up. Although the BBS trial was designed with high methodological quality and hence low risk of systematic errors (bias), 27 it does have limitations. The trial was a single-center trial, and all of the operations were performed by 3 surgeons highly experienced in both off-pump and on-pump surgery. This may influence the generalizability, but it also increases internal validity. We cannot exclude that our results are under the influence of some degree of performance bias because surgeons had to remain unblinded and because we chose to inform both patients and healthcare providers about the treatment allocation. Because of the limited sample size, we were not able to reveal small but clinically relevant differences between the procedures. Furthermore, our results represent only 30-day postoperative results, and long-term follow-up should be performed. 15 In conclusion, off-pump CABG seems to be a safe procedure even in high-risk patients with no significant difference in 30-day mortality and other outcomes compared with on-pump CABG. Any expected short-term benefits from off-pump CABG were not evident from this trial. Off-pump CABG may carry a risk of incomplete revascularization of the lateral territory of the left ventricle, which could affect long-term prognosis.
